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ABSTRACT 
This thesis describes the simulation of a raw grinding 
system in a cement plant by using a computer and boolean 
logic.  The composite work includes discussion of two dif- 
ferent grinding systems; namely, a ball mill and a roller 
mill.  In practice, operation is carried out either from a 
central control console or from a local panel.  Three modes 
of operation—mill only, mill w/kiln, and kiln only are 
considered. 
The program is carried out in terms of Fortran language 
and boolean logic.  A representative^§chematic shows how 
boolean algebra is used to convert relay interlocks to lan- 
guage acceptable to the computer.  Special problems encoun- 
tered during programming include sequential timing, timer 
circuits, absence of real time programming, and an input 
interfacing module, etc.  A sequential timing procedure is 
described which only allows one part of the plant to be 
started at a time.  Due to the absence of an input inter- 
facing module, all inputs are fed to the computer in digi- 
tal form.  The status of input devices can be forced to 
change through program modifications.  A flow diagram for 
the entire process has been included.  A discussion of how 
the simulation technique is used for fault detection and 
plant control is also included.  Finally, the implications 
for use of this type of simulation in any process control 
system are discussed . 
INTRODUCTION 
This paper deals with the simulation of a raw grinding 
system of a cement plant using boolean algebra on a com- 
puter.  Limestone and shale are transferred from storage 
to the feed hoppers and are then proportioned into the mill 
via weighfeeders.  The mill grinds the material to produce 
raw meal for burning in the kiln.  The raw meal is then 
conveyed to the blending silos. 
Either a ball mill or a roller mill can be used to 
produce the raw meal from limestone, clay, and iron ore.  A 
roller mill uses pressure and friction for economical size 
reduction.  Material on a rotating grinding table is 
crushed and ground beneath two stationary hydropneumatic 
rollers.  Ground material is carried by a rising gas stream 
to a classifier on top of the mill.  The classifier rejects 
oversize particles and returns them for regrinding.  The 
desired product travels to a dust collector via a gas 
stream where the material is separated and clean air is re- 
leased into the atmosphere. 
A ball mill uses ball charges to grind the material. 
A labyrinth type seal is used allowing sufficient air to be 
drawn through the mill for proper venting.  Material flows 
directly through the spout feeders into the trunnion open- 
ing of the mill.  Product travels through a belt conveyor 
attached at the bottom of the discharge housing. 
Historically, relays, timers, and pushbuttons have 
been extensively used for motor control of the cement manu- 
facturing process.  Motor starters use sequential relay 
interlocking and any malfunction is annunciated through a 
warning horn.  Process control has been achieved through 
individual analog loops controlling one process variable. 
Analog controllers have been used to supervise and correct 
the value of individual process variables. 
The programmable controller introduced a revolutionary 
new concept for the control of cement manufacturing sys- 
tems.  Programmable controllers contain input/output racks 
which provide ac/dc input/output terminals.  An adapter 
module provides communication between each of the input/ 
output racks and the rest of the system.  A processor used 
as a memory examines data received from input devices, com- 
pares this data to the control program, and generates the 
logic commands to monitor and control a wide variety of 
output devices.  An arithmetic module allows simple alge- 
braic manipulation of data within the memory.  A computer 
interface module is used for direct communication with the 
computer. 
The increase in the plant capacity necessitated the 
introduction of a computer for the motor control and to 
handle the outputs necessary to perform interlocking and 
drive pilot lights.  The overall computer control system 
can be used for sequencing and interlocking the motor con- 
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trol system, the entire process, and supervisory control. 
Data are entered through a manual console and are trans- 
ferred to the motor control computer.  An integration of 
specially designed programs can be used on a real time 
basis.  A series of functional blocks can be interconnected 
in diagrammatic fashion to execute a particular control 
strategy.  A separate termination cabinet can be used to 
bring in field analog inputs.  Communication between the 
operator and the computer is performed through the opera- 
tor's console.  A process control computer is used to moni- 
tor, control, and vary any process variable.  A CRT display 
console can be used to facilitate graphic and process vari- 
able information selection. 
The present study deals with the computer simulation 
technique of a raw grinding system.  The problem has been 
analyzed with respect to concrete system examples.  The 
systems considered consist of a ball mill system and a 
roller mill system.  The two modes of operation considered 
include operation either from a central control location or 
a local panel.  Three different conditions of mill only, 
kiln only, and mill w/kiln operations describe the total 
capabilities of the system. 
Chapter I deals with the detailed description of a 
typical ball mill and roller mill.  The systems considered 
are the ones designed for Asment de Temara of Morocco and 
Canakkale Cimento Sanayii of Turkey, respectively.  The 
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block diagrams for the two raw grinding systems are also 
attached. 
Chapter II deals with boolean algebra and the binary 
states used to represent the relay logic.  Logical operands 
acceptable to a computer used for programming in Fortran 
language have been studied.  A typical representative sche- 
matic wiring diagram has been discussed to show how compli- 
cated relay logic can be described in the form of simple 
boolean equations and then converted to programming lan- 
guage compatable with the computer. 
Chapter III deals with the special problems encoun- 
tered during the course of programming.  Problems such as 
sequential timing, momentary start pushbuttons and timer 
circuits have been discussed in detail.  It also includes 
discussions on field sensing devices in the absence of ana- 
log interfacing modules.  A discussion on absolute, or real 
time simulation, is also included. 
Chapters IV and V deal with the flow diagrams for the 
systems and different useful ideas for simulation of faults. 
The use of this technique for motor control and process 
control of a cement plant as a whole is discussed. 
CHAPTER I:  DETAILED DESCRIPTION OF MILL SYSTEMS 
This discussion deals with detailed description of a 
raw grinding system of a cement plant.  The grinding sys- 
tem is concerned with the grinding of limestone, shale or 
clay, and pyrite or iron ore to produce raw meal.  A ball 
mill or a roller mill is employed for this purpose.  Opera- 
tion is carried out either from a central control console 
or from a local panel.  Three different operating condi- 
tions—mill only, mill w/kiln, and kiln only also have been 
considered. 
BALL MILL 
Limestone, pyrite, arid shale are withdrawn from their 
respective feed bins in proper proportion via weighfeeders 
which deliver the material to the raw mill for grinding. 
The material is discharged from the raw mill into a bucket 
elevator which delivers the material to an air separator 
for classification.  The air separator returns the oversize 
material to the mill for additional grinding.  The fine 
material passes through a conveying system which transports 
the raw product to the blending silo. 
Operation is normally performed from the control cabi- 
net.  Critical equipment is controlled from this panel via 
individual start/stop pushbuttons.  The remaining equipment 
is operated in groups via start/stop pushbuttons provided 
for each group.  An indicating light is provided for each 
group or critical motor. 
Provisions are made to operate the equipment from a 
panel via individual start/stop pushbuttons for each motor. 
Before any motor can be started, the permissive start push- 
button must be pushed to activate the proper warning horn 
circuit.  An indicating light above each start/stop push- 
button set illuminates when the motor is running. 
In addition, an interlock-bypass selector switch is 
provided for each motor where applicable.  With the selec- 
tor switch in the interlock position, the motor can be 
started only in the proper sequence with all the safety 
interlocks incorporated.  When the selector switch is in 
the bypass position, all of the safety interlocks are by- 
passed and the motors can be started out of their proper 
sequence. 
PROCESS CONTROL FOR BALL MILL 
Following is a brief description of each control loop 
and its function. 
A. Elevator power and mill ground:  The power consumed by 
the elevator handling the total mill output and the 
sound emitted from the mill are used to control the 
amount of new material fed to the mill. 
B. Limestone feed rate:  The weight of material on the 
limestone weighfeeder is held constant mechanically. 
The speed of the weighfeeder is measured and serves as 
the input to the limestone feed rate ratio controller 
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whose output regulates the speed of the limestone 
weighfeeder. 
C. Shale feed rate:  This instrument loop is identical to 
loop B with the addition of an input meter scale and 
ratio scale. 
D. Pyrite feed rate:  This instrument loop is again iden- 
tical to loop B with the addition of an input meter 
scale and ratio scale. 
E. Mill compartment 2 differential pressure:  The mill 
compartment 2 differential pressure controls the damper 
at the mill compartment 2 inlet. 
F. Mill compartment 1 inlet draft:  The mill compartment 1 
inlet draft controls the damper at the mill fan. 
G. Mill compartment 2 inlet temperature:  The temperature 
of the mill compartment 2 inlet is measured and indi- 
cated. 
H.  Mill compartment 2 bleed air damper:  The mill compart- 
ment 2 bleed air damper is manually controlled via 
pushbuttons,  A feedback slidewire and power supply is 
provided for damper position indication. 
I.  Air heater exit temperature:  The temperature at the .. 
exit of the air heater controls the air heater tempering 
air damper.  An alarm is activated if this temperature 
becomes too high. 
J.  Air heater control:  The air heater fuel and primary 
air is manually controlled by a manual loading station. 
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K.  Mill exit temperature:  The temperature at the exit of 
the mill controls the damper at the mill compartment 1 
inlet.  An alarm is activated if this temperature be- 
comes too high or too low. 
L.  Baghouse inlet temperature:  The temperature at the 
inlet of the baghouse controls the bleed air damper. 
An alarm is activated if this temperature becomes too 
high. 
M.  Baghouse inlet draft:  The draft at the inlet to the 
baghouse controls the damper at the baghouse fan.  An 
alarm is activated if this draft becomes too low. 
N. Preheater fan exit temperature: The pressure at the 
exit of the preheater fan controls the damper at the 
bypass fan. 
0.  Mill motor power:  The mill power is indicated. 
P. Separator motor power: The separator motor power is 
indicated. 
Q.  Mill bearing temperature:  The temperature of the bear- 
ings is indicated on the bearing temperature indicating 
unit.  An alarm is activated if any of the bearing 
temperatures becomes too high.  A second alarm will 
shut down the mill motor if the temperature continues 
to increase. 
ROLLER MILL 
A mixture of limestone and clay is withdrawn from a 
storage area by means of a reclaimer and transferred onto 
a belt conveyor.  This belt conveyor with the help of a 
weighscale proportions iron ore and additional limestone 
for delivery to a common collecting belt conveyor which 
transports the proportioned ingredients to the mill feed 
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bin. 
The proportioned raw materials are then withdrawn auto- 
matically from the mill feed bin via a weighfeeder as re- 
quired by the mill.  The material enters the mill via a 
triple gate feeder.  Two of the three gates in this feeder 
are always closed in order to provide an air lock and with- 
out disturbing the air flow through the mill. 
A chute directs the raw material from the triple gate 
feeder onto the circular grinding table.  Centrifugal force 
from the revolving table moves the material outward and 
under the grinding rollers.  A retention ring on the pe- 
riphery of the grinding table forms a dam and maintains an 
even bed of material on the table.  The grinding rollers 
are forced downward onto the material by the force deve- 
loped in the hydraulic spring system. 
As the material is ground by the rollers, it continues 
to move to the outside edge of the grinding table.  As it 
spills over the retention ring, it is caught up in the air- 
stream around the periphery of the table.  This airstream 
is preheated by the gas obtained either from the kiln sys- 
tem or an auxiliary air heater.  The hot gas enters the 
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base of the mill and passes upward through a louvered 
annular ring around the periphery of the grinding table. 
This ring imparts a high velocity and a spiraling motion to 
the heated gas. 
The entrained material is carried by the airstream up- 
wards into the classifier, where it passes between the 
blades of the classifier rotor.  The action of the blades 
impedes the passage of the coarser material and allows only 
the smaller sizes to remain entrained and pass through the 
discharge.  The coarser material falls out of suspension, 
drops into a chute at the bottom of the classifier, and is 
redeposited at the center of the grinding table for re- 
grinding. 
The entrained material enters the precipitator or a 
dust collector where it is removed from the airstream.  The 
material then passes to a pumping system for transport to 
the blending silos.  The precipitator or the dust collector 
exhaust fan pulls the air through the precipitator and 
vents it to atmosphere. 
Operation is normally controlled from the central con- 
trol station.  Necessary safety interlocks are incorporated 
into the control system so that the system shuts down auto- 
matically if certain malfunctions or abnormal conditions 
occur.  Alarms are activated to advise the operator that 
the system has shut down. 
Provisions are made to operate the equipment under 
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normal control via a hand-off-auto selector switch located 
at each motor. With the selector switch in the auto posi- 
tion, control of the motor is commanded from the control 
station with all safety interlocks incorporated. In the 
off position, the motors are inoperable. By selecting the 
hand position, nonmandatory safety interlocks are bypassed 
and the motors will start. 
PROCESS CONTROL FOR ROLLER MILL 
Following is a brief description of each control loop 
and its function. 
A. Limestone/clay feed rate:  The discharge rate of the 
limestone-clay mixture controls the feed rate of high 
limestone and iron ore in selected proportions.  The 
discharge rate is indicated. 
B. High limestone feed rate:  The high limestone feed rate 
controls the feeder belt speed.  In auto mode, the feed 
rate is maintained in selected proportion to the lime- 
stone/clay mix.  In the manual mode, the high limestone 
feed rate can be set independently. 
C. Iron ore feed rate:  This instrument loop is identical 
to loop B. 
D. Surge bin weight:  The weight of the materials in the 
bin and the mill differential pressure controls the re- 
claimer discharge rate and weights are indicated. 
E. Mill feed rate:  The mill feed rate controls the feeder 
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belt speed. In the automatic mode, the differential 
pressure across the mill sets the feed rate. In the 
manual mode the desired feed rate is set manually. 
F. Mill differentail pressure:  The differentail pressure 
across the mill controls the mill feed rate. 
G. Mill inlet temperature:  The temperature at the mill 
inlet is indicated.  An alarm is activated if the tem- 
perature becomes too high. 
H.  Mill exit temperature:  The temperature at the mill 
exit controls the fuel/air requirement for the mill air 
heater. 
I.  Mill air flow:  The mill air flow controls the mill fan 
damper in mill only or mill w/kiln operation.  It con- 
trols the bleed air damper in bypass operation. 
J.  Preheater I.D. fan exit/mill inlet draft:  The draft at 
the exit of the preheater I.D. fan controls the bleed 
air damper in mill w/kiln operation.  It controls the 
mill I.D. fan damper in the bypass mode.  In mill only 
operation, the draft at the mill inlet controls the 
bleed air damper. 
K.  Precipitator inlet temperature:  The precipitator in- 
let temperature is recorded.  An alarm is activated if 
this temperature is too high. 
L.  Hydraulic spring pressure:  The operating pressure in 
the hydraulic spring system is indicated and is used to 
control the raising and lowering of the rollers. 
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M.  Reducer bearing temperature:  The reducer bearing tem- 
perature is indicated.  If the temperature becomes too 
high, an alarm is activated and the grinding system 
stops. 
N. Mill I.D. fan bearing temperature: The bearing tem- 
perature of mill I.D. fan is indicated. An alarm is 
activated if the temperature is too high. 
0.  Classifier speed:  The speed of the classifier is in- 
dicated.  An alarm is activated and the classifier 
hydraulic pump stops if the classifier speed drops too 
low.  A potentiometer is used to manually adjust the 
classifier speed. 
P.  Mill vibration:  The vibration of the roller mill is 
indicated.  An alarm is activated and the grinding 
operation is stopped if the vibrations are excessive. 
Q.  Mill motor motion:  A motion detector monitors mill 
motor motion.  A contact closure from this device is 
used to confirm proper mill motion and to control 
starting and stopping of the triple gate feeder and the 
feed system. 
R.  Dust collector inlet temperature:  The inlet tempera- 
ture is indicated and interfaced with the raw mill sys- 
tem control. 
S.  Cooling tower temperature:  The temperature in the 
cooling tower controls the water spray.  The controller 
set point is set for bypass operation of the kiln gases. 
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The temperature of the gases is raised automatically for 
mill w/kiln operation. The cooling tower temperature is 
indicated. 
OPERATING CONDITIONS 
There are three operating conditions for the mill-kiln 
system as determined by the setting of a three-position 
selector switch located on the control panel. 
Mill Only: 
In this condition, the hot gases from the kiln are not 
available for drying in the mill, thus requiring opera- 
tion of the air heater.  The control dampers are 
positioned to direct the heated air from the air heat- 
er through the grinding mill to the dust collector or 
electrostatic precipitator. 
Mill with Kiln: 
For this condition, the kiln supplies the heated gases 
for drying in the mill with the air heater supplying 
the remainder if required.  The control dampers are 
positioned to direct the heated gases from the pre- 
heater through the grinding mill to the dust collector 
or electrostatic precipitator. 
Kiln Only: 
For this condition, the mill is not available for op- 
eration.  The control dampers are positioned to direct 
the heated gases from the preheater straight to the 
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dust collector or electrostatic precipitator, bypassing 
the roller mill.  The mill auxiliary systems may be 
operated at this time, but the grinding operation is 
disabled. 
The block diagrams for the two grinding systems con- 
sidered for this project are shown in Figures 1 & 2. 
Fig. 1 describes the ball mill system, and Fig. 2 describes 
the roller mill system respectively. 
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CHAPTER II - BOOLEAN ALGEBRA 
Boolean algebra adapted to the synthesis and analysis 
of switching and digital control systems fulfills the re- 
quirements of a mathematical technique to simplify the 
engineering problem at hand.  An algebra is nothing more 
than a collection of symbols and a set of rules governing 
their manipulation.  Boolean algebra is a shorthand method 
which is based on formal logic and applicable to the design 
of electrical, mechanical, and hydraulic switching systems. 
The domain of boolean algebra is any system whose state 
may be described by one or more binary choices such as off/ 
on, I/O, true/false, or yes/no.  Its usefulness lies in 
that one is able to translate problems involving such sys- 
tems into equations, solve these equations, and directly 
interpret the answer in terms of physical devices or state- 
ments.  The two-state nature of switching devices permits 
the use of conventional logic to all situations in which 
the binary-state property occurs.  There is a general way 
of representing switching devices in logical circuit dia- 
grams.  All devices are pictured in their normal or un- 
activated states.  The following is a brief review of the 
laws of boolean algebra: 
SERIES CIRCUITS 
Referring to Fig. 3, it is clear that this series cir- 
cuit will transmit only if both A and B are transmitting. 
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The algebraic symbol for a series combination (called 
logical multiplication) of Fig. 3 can be represented as 
A x B.  Since the circuit will transmit (have the value 1) 
when A and B are transmitting, we may substitute 1 for A 
and B and obtain the following algebraic rule. 
(1)    1 x 1 = 1 
Similarly, if either A or B or both are not transmit- 
ting, the entire circuit does not transmit.  Therefore: 
(2) 0x1 = 0 
(3) 1x0 = 0 
(4) 0x0 = 0 
Four other rules of logical multiplications can be 
stated as follows: 
A. A switch in series with a closed circuit behaves 
logically as that switch alone. 
B. A switch in series with an open circuit behaves 
logically as an open circuit. 
C. Two switches which always operate together, if con- 
nected in series, behave logically as one switch. 
D. Two switches which always operate in an opposite 
sense if connected in series, behave logically as 
an open circuit. 
In terms of boolean algebra, these statements may be 
written as: 
(5) A x 1 = A 
(6) A x 0 = 0 
(7) A x A = A 
(8) A X A' = 0 
PARALLEL CIRCUITS 
Parallel circuits are characterized by the fact that 
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they logically spell out "either" or "both".  Referring to 
Fig. A, the circuit will transmit when either A or B or 
both are transmitting.  A parallel circuit which simulates 
logical addition can be written as A + B. 
A number of algebraic rules regarding parallel connec- 
tions may be obtained as follows: 
A. Any device in parallel with a closed circuit be- 
haves logically as a closed circuit. 
B. Any device in parallel with an open circuit behaves 
logically a/s that device alone. 
C. Two switches which always operate together, when 
placed in parallel, behave logically as one switch. 
D. Two switches which always operate in an opposite 
sense behave logically as a closed circuit. 
In terms of boolean algebra these rules can be written 
as: 
(9) 
(10) 
(11) 
(12) 
A + 1 = 1 
A + 0 = A 
A .+ A,= A 
A + A = 1 
THE ALGEBRA OF CIRCUITS 
The underlying motivation is to develop a method by 
which a switching circuit or set of requirements may be 
converted to equations.  These equations are solved and the 
result is translated to a simpler circuit.  Consider the 
examples below. 
First Distributive Law: 
Referring to Fig. 5, the series-parallel circuit con- 
sists of one double pole switch A and two single pole 
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switches B and C.  In terms of boolean algebra, it is 
represented by: 
(13) AB + AC ,      ' 
This circuit can be simplified by inspection to that of: 
A (B + C) 
This is known as the first distributive law: 
(14) AB + AC = A (B + C) 
Second Distributive Law: 
Referring to Fig. 6, the second distributive law can be 
represented as: 
(15) (A + B) (A + C) = A + BC 
Negation of Functions: 
The negation of a circuit is one which has a transmis- 
sion of 0 when the original device has a transmission of 1 
and vice-versa.  Referring to Fig. 7, the negation of AB 
can be denoted as (AB)  which has the same properties of 
A' + B*: 
(16) (AB)' = A' + B' 
Similarly: 
(17) (A + B) ' = A'B' 
Equations (16) and (17) represent the well-known 
DeMorgan's law. 
Fortran programming techniques can be effectively used 
to express boolean equations and functions in terms of 
logical expressions.  With the help of logical operators 
and following a set of rules, any motor starter and relay 
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interlocking can be expressed in language acceptable to a 
computer.  A logical expression will always assume a value 
"true" or "false", depending upon the content. 
REPRESENTATIVE SCHEMATIC 
A typical motor control schematic is described as shown 
in Fig. 8, in terms of conventional relay and timer logic. 
The following is a brief description of all the terms used. 
D15M = Relay motor coil 
D15MR = Auxiliary relay coil 
D42CR = Interlocking relay coil 
D45CR = Interlocking relay coil 
D48CR = Interlocking relay coil 
D53PB = Stop pushbutton 
D56PB = Stop pushbutton 
D57PB = Stop pushbutton 
D58PB = Start pushbutton 
D59PB = Start pushbutton 
D6LS  = Limit switch 
D150L = Motor overload module 
D15DS = Power supply 
D26LT = Green indicating lamp 
This schematic describes the capability of being able 
to start the particular motor from three different loca- 
tions. 
(1)  Central control:  The motor can be started if the 
24 
motor overloads are normal, power supply is normal, three 
stop pushbuttons are closed, the limit switch is closed 
indicating damper D64 is closed, and upstream relay inter- 
locks are energized.  Once the relay motor coil D15M is 
energized, it will activate the auxiliary relay coil D15MR. 
This will act as a seal-in across the interlocking circuit 
to keep the motor running and light the green light D26LT 
on the graphic display to indicate motor operation. 
Failure of any of the above conditions will de-energize the 
moto.r circuit. 
(2) Local panel:  The motor can also be started from 
a local relay panel be incorporating most of the conditions 
described above except that a momentary start pushbutton 
D58PB is used to start the motor.  A different set of up- 
stream relay interlocks are also utilized. 
(3) At motor:  Finally the motor can be started from 
the motor location by the use of the start pushbutton D59PB 
located near the motor.  However, upstream relay interlocks 
are bypassed in this case. 
In terms of boolean algebra, the above schematic can 
be expressed by the following equations: 
Central control: 
(18) D15M = D150L x D15DS x D53PB x D56PB x D57PB x 
(D6LS x D42CR X D45CR + D15MR) 
(19) D15MR = D15M 
(20) D26LT = D15MR 
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Local panel: 
(21) D15M = D150L x D15DS x D53PB x D56PB x D57PB x 
(D6LS x D48CR x D58PB + D15MR) 
(22) D15MR = D15M 
(23) D26LT = D15MR 
At motor: 
(24) D15M = D150L x D15DS x D53PB x D56PB x D57PB x 
(D6LS x D59PB + D15MR) 
(25) D15MR = D15M 
(26) D26LT = D15MR ( 
By means of Fortran programming technique, the above 
boolean equations are transformed into logical expressions 
and language acceptable to the computer. 
Central control: 
(27) D15M = D150L .and. D15DS .and. D53PB .and. 
D56PB .and. D57PB .and. (D6LS .and. D42CR .and 
. D45CR .or. D15MR) 
(28) D15MR = D15M 
(29) D26LT = D15MR 
Local panel: 
(30) D15M = D150L .and. D15DS .and. D53PB .and. 
D56PB .and. D57PB .and. (D6LS .and. D48CR .or-j. 
D15MR) 
(31) D15MR = D15M 
(32) D26LT = D15MR 
At motor: 
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(33) D15M = D150L .and. D15DS .and. D53PB .and. 
D56PB .and. D57PB .and. (D6LS .and. D59PB .or. 
D15MR) 
(34) D15MR = D15M 
(35) D26LT = D15MR 
When dealing with the problem of more than one start- 
er, subscripted variables are used.  A large number of re- 
lays, timers, and field sensors such as pushbuttons, limit 
switches, etc., are required to perform the actual process, 
With the help of subscripted variables, the number of 
storage locations in the machine can be changed depending 
upon the process requirements.  A list of variables used 
for this project is given in the appendix. 
27 
BOOLEAU  MULTIPLICATION 
A                 B    ' 
II                ll 
BOOLEAN   ADDlTIOkJ 
A. 
ll- 
a ■ i                II 
A                    1 
11 
A+B 
A 
i i 
1 
AXI = A 
A                      0 
If                           0      Q 
A+1= 1 
A 
" i 
0 I                            u      u 
AXO=0 
A                    A 
II                   II 
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i i                    <M 
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FIGURE   3 
/Tl 
A+A'= 1 
FIGURE 4 
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FIRST   DISTRIBUTIVE   LAW 
r1. 
a 
L \\- 
AB+AC 
A(B+C) 
ABfAC =A(a*c) 
F16URE   5 
SECOWD DISTRIBUTIVE  LAW 
A 
HH 
3     — 
A 
HH 
c 
HH   Ml-1 
(A+B) (A+C) 
L, 
B 
A+BC 
(A+E)(A+C)= A.+ BC 
FIGURE   6 
NEGATION   OF  FUNCTIONS 
[" 
(AS)' 
-] 
A' 
-Mr- 
a' 
-Mr- 
A + a 
(AB)   =AfB' 
H B ■] 
(A*3) 
A' a' 
A'S' 
(A+B)=A'B' 
FIGURE 7 
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TYPICAL   SCHEMATIC  DIA6RAM 
DS&Pa    D57PB 
DISOL   OISDS     DS3FB        STOP        STOP 
--1A- -o ■ o- I -o ! o- 
i 
-3 I Cr- 
-o    o- 
-o    o- 
OfcLS D4-2CR    D45CR 
DI5MR 
HI— 
o—» Hi Ih 
D4SCR 
HI— 
D58P8 
START 
D5SPB 
START 
DI5MR 
-HI— 
DISM 
BAGHOUSE 
FA.U 
DZ6LT 
FI6URE B 
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CHAPTER III;  SPECIAL PROBLEMS 
Special problems encountered during programming in- 
clude the absence of real time programming, timer circuit, 
sequencial timing, start pushbuttons, and the absence of an 
input analog interfacing module, among other things. 
The program is written in terms of a number of scans 
instead of real time.  A total of one hundred twenty five 
scans are used before any part of the program is terminated. 
Each scan is treated as one second in real time and 125 
scans which represents 125 seconds is more than required to 
perform essential interlocking functions.  In practice, a 
timer needs to remain energized as long as 10 minutes.  In 
most cases, solenoid valves, limit switches, motor rotors, 
etc., take time to get started.  Even electro-mechanical 
devices such as relays and timers do not get energized in- 
stantaneously.  So the use of each scan to represent actual 
time is not proper.  It will be evident later on in the 
discussion how a timer is used for delayed energization or 
de-energization of control interlocks as dictated by the 
process.  However, the program can be extended in terms of 
simulating the real time domain even though it will neces- 
sitate more computer time. 
TIMER CIRCUITS 
There are two types of timers that have been used in 
the control system; the on-delay timer and off-delay timer. 
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Basically, a timer can be treated as two separate relay 
coils namely clutch and motor which maintain a certain re- 
lationship between them. 
On-Delay Timer: 
An energized clutch coil starts the timing cycle and a 
de-energized coil resets the timer.  A switch has to be 
closed to start the clutch coil and the timer resets on 
power failure.  The motor coil gets energized at the same 
time as the clutch coil.  After the timing cycle, the 
clutch coil remains energized whereas the motor coil be- 
comes de-energized.  However, the timing cycle can be 
varied by changing the number of scans as required by the 
process.  A normally open time delay contact is open when 
the timer is in reset condition and will remain open for 
the duration of the timing cycle.  The contact will close 
at the end of the timing cycle.  A normally closed time de- 
lay contact is closed when the timer is in reset condition 
and will remain closed throughout the timing cycle.  The 
contact will open at the end of the timing cycle.  A time 
delay contact can be expressed as a combination of the 
motor and clutch coils in terms of boolean equations.  An 
instantaneously opened or closed contact will act the same 
way as that of an ordinary relay contact. 
Off-Delay Timer: 
A de-energized clutch coil starts the timing cycle and 
an energized clutch coil resets the timer.  A switch has to 
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be closed to start the clutch coil and the timer does not 
reset on power failure.  The motor coil is energized when 
the clutch is de-energized.  After the timing cycle, both 
the clutch and the motor coils become de-energized.  A 
normally open time delay contact is open during reset and 
the timing cycle and closes after the timing cycle is com- 
pleted.  A normally closed contact is closed during the re- 
set and the timing cycle and opens only after the timing 
cycle.  Instantaneous contacts again act the same way as 
that of an ordinary relay contact. 
SEQUENTIAL TIMING 
The purpose of sequential timing is to be able to 
start part of the plant at a time.  A timer Tl is energized 
through relay interlocks by means of a group start push- 
button.  This sounds a horn and gives a warning that a cer- 
tain part of the plant is being started.  After 15 seconds 
of time delay, a relay allows the system to get started. 
This is represented by 15 scans in the program.  It also 
makes sure that two parts of the plant cannot be started at 
the same time.  After the permissive start, another timer 
T2 allows 20 seconds for all the motors in the system to 
get started.  This is again represented by 20 scans in the 
program.  If for some unforeseen reason all the motors can- 
not be started in 20 seconds, the timer Tl has to be ener- 
gized again to sound the horn and the procedure is repeated. 
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However, if the system starts properly, the timer T2 will 
be de-energized after 20 seconds.  This will permit the re- 
lay interlocks to de-energize the timer Tl, which is then 
energized again through a separate set of relay interlocks 
to start another part of the plant. 
INPUT ANALOG INTERFACING MODULE 
In practice for process control of a grinding system, 
an analog interfacing module is used to continuously moni- 
tor the system inputs and dictate any status change.  How- 
ever, for this program, in the absence of any interfacing 
module, all inputs have been directly fed to the computer 
in digital input forms.  Limit switches used with dampers 
change their state as the dampers- go from fully closed 
position to fully open position or vice-versa.  A start 
pushbutton which acts as a momentary contact is only closed 
when pushed to start and open at all other time.  As dic- 
tated by the process, the status of input devices can be 
forced to change through the program.  A three-position 
selector switch which assumes three distinct states (as one 
used to select mode of operations mill only, mill with kiln, 
and kiln only) is achieved by the combination of two 
switches. 
The roller mill roller pressures, which changes con- 
tinuously and either energizes or de-energizes relay coils, 
is achieved by assuming the normal operating pressure and 
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using logical if statements.  Any change in pressure will 
adjust the process accordingly.  Similarly, the temperature 
switches can be opened or closed to turn on or off the 
water spray system.  Interactive programming makes the in- 
put/output problems much simpler and more direct.  For 
example, a CRT display can be used to continuously scan the 
status of inputs and make immediate changes as necessary. 
There are various other problems encountered during simu- 
lation which will be discussed later in Chapter Five. 
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CHAPTER IV;  FLOW DIAGRAM 
The program for this project was written in Fortran IV 
language and a CDC 6600 computer was used for the execution 
of the program.  A flow diagram for this is given further 
on in this chapter. 
SCOPE OF THE PROGRAM 
The program allows the operation of a raw grinding 
system either for a raw ball mill or a raw roller mill. 
Each of the grinding systems can be controlled from either 
a central location or from a local panel.  Three different 
modes of operation—namely, mill only, mill w/kiln, and 
kiln only, have been considered. 
For the ball mill system, an alarm is sounded before 
any part of the system can be energized.  This is referred 
to in the flow diagram as siren.  A certain amount of time 
is allowed for the system to start.  Then the alarm is 
sounded again to start the next system.  The number of sys- 
tems can be changed to meet the need of any plant.  Also, 
the amount of time allowed to get the system started can be 
varied. 
For the roller mill system, an alarm is sounded before 
the system is started.  Once the system gets started, con- 
trol follows the already established interlocks.  A certain 
amount of time is allowed to start the system which can be 
varied if the number of motors in the system changes. 
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The flow diagram of the program is shown on the 
following pages. 
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FLOW DIAGRAM 
INPUT DATA 
Overloads, power supplies, stop switches, start switches, 
selector switches, limit switches, on-off switches, tem- 
perature switches, motion switches, flow switches, pres- 
sure switches, jog pushbuttons, float switches, auto-hand 
switches, key interlock, differential pressure switches, 
level indicators, cable operated switches, metal detector, 
auxiliary relays, relay motor coils, central control, 
aerofall mill. 
no 
© Calculate Total Time 
yes 
no 
16 
® 
<^ Is Siren .NE. 1 ^>-^°»- 
£ 
r^V is Operation for Aerofall Mill Selected^* no > 
I      7 
yep-<^Is Operation from Central Control Location SelectecpP0^ 
»  
Select Mode of Operation 
Mill   Mill w/   Kiln 
Only    Kiln     Only 
T 
2. 
Position Damper 
Air Heater   Damper Open 
Inlet        Damper Close 
Bypass       Damper Close 
®"@" 
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1© I Outlet Damper Open 
£ 
©I  © 
Position Damper 
Air Heater   Damper Close 
Inlet        Damper Open 
Bypass       Damper Open 
Outlet       Damper Open 
X 
Jyes» 
ye 
yes 
t 
Position Damper 
Air Heater   Damper Close 
Inlet Damper Close 
Bypass 1 Damper Open 
Outlet I Damper Close 
' i 
< 
Is Siren .NE. 2 
£ 
p^fr^Is Operation from Central Control Location Selectey-^- 
T  
Start Instrument Air Compressor System 
yes 
< 
Is Siren .NE. 3^- no 
£ 
V-*^Is Operation from Central Control Location Selectecp-»-j 
£^«-<JEf (Mill Only or Mill w/Kiln Operation)^*"^! 
  ♦ 
Start Dust Handling System 
1 X 
Start Product Handling System 
yes 
r©~ < Is Siren .NE :> 
no 
© 
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© 1® ^no 
^^Es Operation from Central Control Location Selected/-*-] 
I 
yes. 
Start Baghouse Fan System 
——■-\Is Siren .NE. 5^>—»- no 
t  
yp«^Is Operation from Central Control Location Selected^0^ 
f 
y
^t ^If (Mill Only or Mill w/Kiln Operation)^ — no 
1 
Start Mill Lift and Lube Pump System 
ves 
i 
® 
<^Is Siren .NE. 6i^r-*-110-! 
I |-*-<^Is Operation from Central Control Location Selected^ 
Start Raw Mill System 
/es 
yes.„ 
1 
<^Is Siren .NE. 7~^>-»-£0i 
r—-QIs Operation from Central Control Location Selected^-*-] 
Start Weighfeeder System 
_yes_^_ I ■<^Is Siren .NE. 8 
£ yea-—■— —— ■ v no 
p*-^Is Operation from Central Control Location Selected/-^—j 
Start Mill Vent Fan System 
yes 
^Is Siren .NE. 9 
f+Qs  Operation from Central Control Location Selected/—°*i 
 : : -gj ;  
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1®. 
If (Mill Only Operation) ^>-> 
*  
no 
yes 
5 
yes F^ 
Start Air Heater System 
-<^ls (Total Time .GE. 12j)^>- 
£ 
m 
no © ©_ 
yes_ 
Operation from Central Control Location Selected/"-0^ 
♦   
—<^If (Mill Only or Mill w/Kiln Operation)y^£2-| 
*   
Start Dust Handling System 
1 
yes / y— 
Start Product Handling System 
I 
Operation from Central Control Location Selected^-*—| 
 *  
Select Mode of Operation 
Mill 
Only 
Mill w/ 
Kiln 
Kiln 
Only 
T 2 
Position Damper 
Air Heater Damper Open 
Inlet Damper Close 
Bypass Damper Close 
Outlet Damper Open 
T 
Position Damper 
Air Heater   Damper Close 
' 
Inlet        Damper Open 
Bypass       Damper Close 
© Outlet       Damper Open 
$—«  ;  . 1 41 
© 
139 
Position Damper 
Air Heater   Damper Close 
Inlet        Damper Close 
Bypass       Damper Open 
Outlet       Damper Close 
1 
Start Roller Mill Auxiliary System 
I 
Start Roller Mill System 
I 
<«
yes
—<^If (Mill Only Operation")^)—*- no 
Start Air Heater System 
yes I Is Operation from Central Control Location Selected 
I 
p& 
Start Surge Bin System 
Start Additive Bin System 
© 
Start Mill Feed Belt 
I yes / ■ : v 
 <^ Is (Total Time .GE. 125)> 
 \ 
no ©I 
WRITE 
Relay motor coils, indicating lights, 
solenoid valves, dust collector timers. 
no I 
-^Is Operation for Aerofall Mill Selected^ yes 
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* 0-5)  J@  
-* ^^—<^ Is   (Siren   .GE.   10) ^- 
f 
no 
Calculate Value of Siren 
' i 
Initialize Total Time to Zero 
Continue 
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CHAPTER V:  SIMULATION 
Simulation techniques can be effectively used for 
fault detection.  A pinpoint detection of fault locations 
helps reduce.the plant downtime and provides simple and 
easy maintenance.  Also, the field problems are limited to 
various sensors and drives as field control panels are 
eliminated.  Some advantages and fault simulation tech- 
niques are listed below. 
FAULT SIMULATION 
An important feature of the motor control centers are 
to confirm .that the motors are ready to start and that 
there are no fault conditions such as burnt out fuses, 
tripped overload relay, or disconnected switches.  In this 
particular application, the conditions of each motor start- 
er is read into the computer in terms of digital inputs. 
To start a shop unit, the unit numbers are selected auto- 
matically.  Deviation from this set pattern will, result in 
a malfunction.  By depressing the start pushbutton for about 
seventeen seconds, the computer will execute the sequential 
start of the unit.  In real time applications, this time 
can be extensively reduced.  A green light on (actually this 
means that the variable corresponding to the light is true 
within the program.  The reader should note that it has 
been tacitly assumed that every physical object has a count- 
erpart within the simulation) indicates that the unit is 
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running, whereas no light will mean that the unit has 
failed to start (false).  If during a start sequence a mal- 
function occurs, the alarm indicating light will be on 
(true) until the alarm condition is rectified.  Trying to 
start while a fault condition is present will cause the 
computer to fail to execute the command.  Field sensor sig- 
nals for limit switches, pressure switches, flow switches, 
etc., are also read into the computer in terms of digital 
inputs.  Any change in the status of the field sensors can 
be achieved by punching in a card within the program.  Any 
malfunction in the field sensor will result in sequential 
failure and must be rectified for any unit to get started. 
In order to stop any unit, the stop pushbutton has to be 
depressed and sequential stopping of the system will begin. 
The alarm indicating lights will be on to indicate fault 
conditions. 
As an example, consider the circuit of Fig. 8.  The 
motor coil D15M is only energized when the stop pushbuttons 
D53PB, D56PB, and D58PB are closed.  Assume that the power 
supply D15DS is intact, the motor overloads D150L are nor- 
mal (true), the upstream relay interlocks D42CR and D45CR 
are energized, and the limit switch D6LS is closed.  Once 
the motor coil is energized, it will pick up the auxiliary 
coil D15MR, which in turn will turn the light D26LT on. 
However, the motor coil D15MR can also be energized from a 
local panel and at the motor with the help of start push- 
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buttons D58PB and D59PB, respectively.  If any one of the 
above combinations fail to function properly, the motor 
coil D15M will not be energized and the light D26LT will be 
off.  In terms of Fortran programming language, the vari- 
able names D15M and D26LT will be false.  For example, if 
the power supply is false because of burnt out fuses, or 
the motor overloads are. false because of continuous over- 
loading, or the upstream relay interlocks are false, the 
motor coil D15M and the light D26LT will be false.  Note, 
however, that for sequential stopping of the motor coil, 
any one of the three stop pushbuttons has to be energized. 
For repeated actions such as timer circuits, start 
pushbuttons, etc., subroutines can be developed to cut 
down on memory requirements. Any relay or timer can be 
programmed in with an unlimited number of contacts for 
interlocking purposes, thereby eliminating the use of 
parallel relays.  However, a CRT console can be used with 
the simulation process, which will scan the condition of 
each input and output in the program.  A fault can be im- 
mediately identified and corrected.  Also, a CRT display 
will allow on-line change of input values, as per the pro- 
cess requirement and any process change will not have to be 
forced by punching in cards. Also, a malfunction can be 
easily introduced by typing in false input values through 
the CRT display and then observing how the whole process 
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will react to the change. 
The simulation technique can be easily extended for 
process control and motor control in any process industry. 
In practice a reed relay is used in each motor starter to 
confirm that the motors are ready to start.  In the event 
of any kind of malfunction the computer CRT display con- 
sole can be used to select the specific address and will 
read instantaneously "the status of each input and output. 
The malfunction can be corrected easily, thereby reducing 
maintenance and plant downtime. 
From a single control console and the control room 
teletyper, the plant operator has all the information nec- 
essary at all times to know the exact status of all the 
plant equipment.  For example, if a motor is stopped by 
operating at the local pushbutton station, or by an over- 
load condition, the computer will output the identification 
of the faulty equipment and the cause of the fault.  In 
this way, malfunctions are quickly located, facilitating 
plant operation. 
All of the interlocks for each shop unit can be en- 
tered in the computer simply by typing in logical state- 
ments as defined by the respective sequences.  Most inter- 
lock changes can be made on-line without stopping any 
equipment.  Only the teletyper is required to enter the new 
logic lines.  In this way, modifications can be made with- 
out disrupting production.  Motor control check-out time 
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can be substantailly reduced as individual motors or se- 
quences can be checked out directly from the operator's 
console.  The only source of problems from the field lies 
in the various sensors and drives.  All interlocks are done 
through the computer and the field control panels are 
eliminated. 
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CONCLUSIONS 
Simulation by the use of computers has proved itself 
to be a very powerful tool for any kind of process indus- 
try.  Although this project confines itself in the discus- 
sion of a raw grinding system of a cement plant, its 
application can be extended for simulation of any process. 
Conventional electro-mechanical relays and timers, 
even though they provide high quality control systems, can 
only lend their services for specific purposes.  Only a 
limited quantity of interlocking contacts is available with 
each relay.  This necessitates the use of parallel relays, 
thereby requiring more maintenance.  Any change in a pro- 
cess can only be realized by the replacement of relays and 
timers. 
Programmable controllers offer total flexibility in 
process simulation.  However, a limited number of input/ 
output points and memory size makes it necessary to use a 
number of interlocking controllers in order to have suf- 
ficient capacity to perform all of the necessary sequential 
and interlocking logic.  Another drawback is that the soft- 
ware costs will be very high. 
Computers can be used for simulation of any kind of 
raw grinding systems, using either a ball mill or a roller 
mill.  The program described in this paper simulates the 
operation of the plant either from a central control con- 
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sole or from the local panel.  In addition, the program is 
capable of performing three different modes of operation— 
namely, mill only, mill w/kiln, and kiln only.  These 
operations have been detailed in the previous pages.  Phys- 
ical parameters such as burnt out fuses, overloads, etc., 
are read into the computer in terms of logical inputs. 
Field sensor signals such as pressure switches, temperature 
switches, and limit switches, are fed to the computer in 
terms of logical inputs.  Also, any change in the process 
is introduced by punching in cards within the program. 
A CRT display can be used with the computer allowing 
any process change to be introduced easily in terms of 
boolean logic. The status of each input and output can be 
checked continuously. In the event of a malfunction, the 
computer CRT display can be used to locate and to correct 
the malfunction. Also, any malfunction can be introduced 
in the system by typing in false input values through the 
CRT display and then observing how the whole process will 
react to the change. 
This simulation technique can be easily extended for 
process control and motor control in any process industry. 
From a single control console an operator has all the in- 
formation necessary at all times to know the exact status 
of all the plant equipment. Field sensor signals are 
brought back to the computer input panel and scanned con- 
tinuously by the CRT display for any change of status. 
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The source of problems from the field is limited to the 
various sensors and drives and, as a result, the field con- 
trol panels are eliminated.  For practical implementations 
a computer must have a back-up system in case of power 
failures, or an emergency power source must replace the 
normal power supply. 
This paper has described a simulation of a cement 
grinding process.  A number of problems with such a proce- 
dure have been described and solutions indicated.  The fact 
that such techniques can be applied to a wide variety of 
processes makes the work presented here particularly rele- 
vant.  The writer plans to further explore the potential of 
this technique in the future. 
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APPENDIX 
LIST OF SYMBOLS 
B(N 
C(N 
D(N 
E(N 
F(N 
G(N 
H(N 
I(N 
J(N 
K(N 
L(N 
M(N 
P(N 
Q(N 
R(N 
S(N 
T(N 
U(N 
V(N 
W(N 
X(N 
Y(N 
Z(N 
Limit Switch 
Motion Switch 
Overload Relay 
Fused Switch 
Flow Switch 
Relay Motor Coil 
Timer Relay 
Interlock/Bypass Selector Switch 
Temperature Switch 
Auxiliary Relay Coil 
Stop Pushbutton 
Start Pushbutton 
Indicating Light 
Solenoid Valve 
Jog Pushbutton 
Automatic/Hand Selector Switch 
Pressure Switch 
Float Switch 
Key Interlock 
Torque Switch 
Open/Close Selector Switch 
Cable Operated Switch 
Material Level Indicator 
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AA(N) = Differential Pressure Switch 
DC(N) = Dust Collector Timer 
MD(N) = Metal Detector 
NN(N) = Auxiliary Relay Motor Coil 
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